In comparison to the extensively studied metalcatalyzedh ydroamination reaction, hydroaminomethylation has received significantly less attention despite its considerable potential to streamline amine synthesis.S tate-of-the-art protocols for hydroaminomethylation of alkenes rely largely on transition-metal catalysis,e nabling this transformation only under highly designed and controlled conditions.H ere we report ab roadly applicable,a cid-mediated approach to the hydroaminomethylation of unactivated alkenes and alkynes. This methodology employs cheap,r eadily available,a nd bench-stable reactants and affords the desired amines with excellent functional group tolerance and impeccable regioselectivity.T he broad scope of this transformation, as well as mechanistic investigations and in situ domino functionalization reactions are reported.
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Amines are key structural moieties in pharmaceuticals, agrochemicals,n atural products,a nd materials.P robably the most powerful approach for the formation of C(sp 3 ) À Nbonds, apart from classical S N 2r eactions,i st he direct addition of nitrogen-containing fragments to olefins. [1] While,i nt his regard, the direct metal-catalyzed hydroamination of alkenes has been extensively studied, [2] hydroaminomethylation, the addition of ahydrogen and a(methyleneamino) unit across an olefin, is often overlooked. [3] Traditional methods to effect net hydroaminomethylation involve the two-step sequence of alkene hydroformylation followed by reductive amination (Scheme 1, A). [4] More recently,s everal metal-catalyzed direct hydroaminoalkylation reactions of alkenes have been reported that employ simple alkylamines as the starting materials (Scheme 1, B). [5] These approaches,d ominated by early transition-metal catalysts,have shown some restrictions, in part as aconsequence of the thermodynamically challenging CÀHa ctivation step a to secondary amines and of the traditional incompatibility of early transition metals with oxygen functional groups (with only few notable exceptions [5a,b] ). Attempts to move towards late-transition-metal catalysis typically rely on the use of directing groups. [6] An elegant exception to this requirement is the ruthenium-catalyzed hydroaminoalkylation of dienes and allenes developed by Krische and co-workers (not shown). [7] Recent studies have harnessed photoredox catalysis, [8] or dual catalysis [9] (Scheme 1, C): However,w hile displaying impressive functional group tolerance and mild reaction conditions,s uch approaches remain limited to conjugated olefins or otherwise electronically activated alkenes. [7, 8] Scheme 1. Previous approaches to hydroaminomethylation and development of ametal-free general hydroaminomethylation of alkenes and alkynes.
[*] Dr.D .Kaiser, [+] Dr.V .T ona, [+] C. R. GonÅalves, [+] Dr.S.Shaaban, Challenges commonly associated with metal-catalyzed hydroaminomethylation range from the control of regioselectivity and the threat of double functionalization to the development of conditions that allow the functionalization of alkynes.S eeking to address these challenges,w eb ecame interested in the development of ah ydroaminomethylation protocol using iminium ions.T his transformation was envisioned to proceed by an entirely different mechanism, thus circumventing the need for transition-metal catalysis.M ayr and co-workers have shown that iminium ions paired with noncoordinating anions can be employed for hydroaminomethylation of highly activated p-systems (Scheme 1, D). [10] Cohen and Onopchenko investigated the in situ formation of iminium ions by treating bis(dimethylamino)methane with aB rønsted acid (Scheme 1, E). [11] Ther eaction of simple alkenes under these conditions resulted in am ixture of aliphatic secondary and allylic tertiary amines formed through competing hydride transfer and ene reaction. [12] [13] [14] Similar reactivity was observed serendipitously during Heathcock and co-workers synthesis of methyl homosecodaphniphyllate, [15] as well as by Manninen and co-workers,w ho reported reactions of iminium ions with norbornene derivatives,obtaining mixtures of products in most cases. [16] Hoping to develop am ore general approach, we designed as ystem able to suppress competing elimination which would result in undesired alkene formation. In our synthetic plan, the nucleophilic addition of a p-system onto an iminium ion (I) would trigger an internal redox event by 1,5-hydride transfer to the resulting carbenium ion of intermediate II,a ffording the desired hydroaminomethylatedproducts (III)orproducts of direct functionalization with nucleophiles (IV)(Scheme 1, F). [17] At the outset, we hypothesized that the use of Eschenmoserssalt (N,N-dimethylmethylideneammonium iodide) or derivatives thereof would be amenable to realizing the plan outlined in Scheme 1. While we were pleased to find that the treatment of styrene with Eschenmoserss alt led to the formation of amine 3m in up to quantitative yield (Method A), we soon became aware of limitations in the reaction scope accessible with this class of reagents (see Scheme 2a nd the Supporting Information for further information).
We therefore turned to alternative iminium ion precursors such as the commercially available aminal bis(dimethylami-no)methane (2a), derivatives of which are common reagents in transition-metal catalysis. [7a,c,18] When trifluoroacetic acid (TFA) was employed at slightly elevated temperatures (see the Supporting Information for details on optimization), the desired secondary amine product was isolated in high yield after aqueous,h ydrolytic workup (Scheme 3, Method B) . While the precise reasons for the increased selectivity observed when using this solvent remain unclear, we suspect the solvating properties of TFA, as well as the low nucleophilicity and low basicity of the corresponding conjugate base, to play important roles in dictating the reaction outcome by facilitating the hydride transfer event. [19] Using these conditions,awide range of aminals and alkenes were found to be suitable reactants in this novel hydroaminomethylation protocol (Scheme 3). Initially focusing on substitution at nitrogen, we observed the formation of ar ange of secondary amines in high yields (3a-f,7 3-92 %y ield) starting from several readily available aminals.Particularly appealing is the possibility of obtaining benzylated or allylated amines (3e, 3f), ripe for easy deprotection and downstream functionalization (4f). Thef ormation of 3e is complementary to transition-metal catalysis,w here the use of benzylamines tends to lead to branched products resulting from activation of the benzylic C À Hb ond, [5b,e] and which thus relies most commonly on less flexible N-aryl substrates (and products). With respect to the olefinic substrates,awide variety of substitution patterns were accommodated by our protocol, including unactivated linear, branched, and cyclic alkenes (3g-l,3 6-91 %y ield). It is worth mentioning that all linear and cyclic alkenes provided only as ingle isolable product, while the reaction of ab ranched alkene showed the occurrence of an ene-reaction-derived side product, leading to ad iminished yield of 3h.S tyrenes also proved to be viable partners for this transformation, providing the products of hydroaminomethylation in good to excellent yields (3m-u, 39-86 %y ield, up to 50 mmol scale). As shown by 3t,t he effect of the double-bond geometry is negligible,asthe amine was isolated in good yield starting from either stereoisomer. More telling,h owever,a re the results of af unctional-group tolerance study:anunusually broad range of polar moieties is tolerated by this protocol, including esters,p hosphonates, amides,nitriles and halides (3v-3aa,40-93 %yield). Remarkably,a na lkene containing af ree alcohol also proved to be av iable substrate for this transformation, affording the corresponding product in 82 %y ield (3ab). This stands in strong contrast with the early-transition-metal-catalyzed procedures that are state of the art in hydroaminomethylation:t he oxophilicity of the catalysts employed is difficult to reconcile with af ree alcohol. Even more striking is the successful hydroaminomethylation of amine-containing substrates under our conditions (3ac and 3ad,6 0% and 75 % yield), as free amine functionalities generally lie beyond the scope of state-of-the-art direct hydroaminomethylation through metal-and photoredox-catalytic procedures. [8, 9] Furthermore,i ti sw orth noting that complete selectivity for the linear (vs.branched) products is observed throughout. Having explored the performance of this approach with alkenes,w e became interested in the possibility of achieving the hydroaminomethylation of alkynes.Pleasingly,our protocol enables Scheme 2. Eschenmoser's salt enabled initial success. Reactionsw ere run on 0.5 mmol scale. Yields refer to isolated material after purification. *: Yield determined by 1 HNMR analysis using an internal standard. †: Eschenmoser's chloride was employed. H FIP = 1,1,1,3,3 ,3hexafluoro- 2-propanol. this reaction with no trace of double hydroaminomethylation. In this context, we were delighted to find that terminal alkynes afforded the secondary allylic amines 6a and 6b in good yields exclusively as the E-stereoisomers,a saconsequence of the syn-nature of the hydride transfer. Thereaction proceeded selectively even in the presence of an additional alkene (6c,6 8% yield) or ac yclopropane moiety (6d,8 5% yield). Importantly,owing to the formation of the most stable carbocationic intermediate,t he use of internal alkynes leads to single isomeric trisubstituted alkene products (6e and 6j, 41 %a nd 48 %y ield). As before,a ryl substitution (6f-j,3 1-57 %y ield) and ar ange of functional groups were tolerated (6k-m,4 1-97 %y ield), including ap ropargyl silane (6n). These results establish our procedure for hydroaminomethylation as as imple synthesis of stereodefined di-and trisubstituted allylic amines.
Thei minium ion V, ultimately resulting from the pivotal 1,5-hydride shift, can be easily engaged in domino functionalization processes (Scheme 4). Thea ddition of simple ketones to the acidic reaction mixture results in the formation of trisubstituted amines in good yields via Mannich reaction (7a-g,52-71 %yield), whereas capture with an electron-rich arene via Friedel-Crafts reaction delivers at ertiary benzylic amine product (7h,5 4% yield). Furthermore,e mploying Method A, we were able to perform domino hydroaminomethylation-functionalization reactions using hydridic reductants (7i,74% yield) and organozinc nucleophiles (7j and 7k, 66 %and 63 %yield, respectively) that are incompatible with more acidic conditions.
Thepresented method also enables astraightforward and unusual disconnection towards bioactive amines such as the broad-spectrum antimycotic Naftifine (8)( Scheme 5), [20] Scheme 3. Reaction development and scope of the hydroaminomethylation reaction. Reactionswere run on 0.5 mmol scale. Yields refer to isolated material after purification. + :Y ield after acylative protection with Boc 2 Otofacilitate isolation. **: DCE used as co-solvent. AE :Reaction was run for 5h.°:Reaction was run at room temperature. See Supporting Information for details. accessible in as imple two-step sequence from phenylacetylene.
Additional observations provide support for the mechanism proposed above and showcase interesting features of the system at hand (Scheme 6). As expected, the use of perdeuterated bis(dimethylamino)methane (2a-d 12 )l ed to regioselective and complete deuterium incorporation, confirming an intramolecular hydride transfer event (9a,S cheme 6, A). Additionally,t reatment of both styrene (1m)a nd aliphatic olefin 1a with the isotopically mixed aminal (2b-d 18 )s howcases ak inetic isotope effect (K H /K D ), shown to be slightly higher for styrene (Scheme 6, B) . This result suggests that, while the hydride transfer event is not rate-determining,ithas ahigher relative contribution to the reaction rate in the case of the more electron-rich, and therefore more reactive, styrene substrate. [21] Moreover,i ti sl ikely that the relative increase in stabilization of the benzylic cation contributes to the higher K H /K D observed for styrene.
In conclusion, we have developed an acid-mediated hydroaminomethylation of unactivated alkenes and alkynes. Them ethodology displays an unconventionally broad functional group tolerance and allows the synthesis of secondary and, after nucleophilic quenching, tertiary amines.Given the natural abundance of both alkenes and alkynes,weanticipate that this practical, cheap,and direct amination will find broad application in synthetic chemistry and feedstock-chemical processing alike.
